Abstract Dynamic characteristics of ventilation, cardiac output, and gas exchange during sinusoidally varying work rates for the periods from 1 to 12 min and impulse work rate with a duration of 10 sec were studied on five healthy men in an upright position. Changes in work rate were given by controlling externally the electromagnetic braking system of a bicycle ergometer. Stroke volume, heart rate, and cardiac output during exercise were determined continuously by using an automated impedance cardiograph. Breath by breath determination in minute ventilation, respiratory frequency, tidal volume, oxygen consumption, carbon dioxide output, end-tidal pressures of oxygen and carbon dioxide, and gas exchange ratio were conducted. From these and steady-state response data amplitude and phase relations between each variable and the input work loads were obtained utilizing the frequency analysis techniques. The response characteristics to sinusoidal stimuli were well represented by first-order models with time constants for VE, Vcoz, V o ,, and Q averaging 75, 67, 52, and 36 sec, respectively. The kinetics of HR closely resembled that of Q. There was a close link between both the dynamics of VE and Vco 2. On the other hand, the responses to impulse stimuli were better described by second-order models in which fast and slow response components were connected in parallel. However, the contribution of the fast component to total response was small. Although this response may support in its form the neurohumoral concept to explain exercise hyperpnea, a tight linkage was observed between VE and VCO2 responses to impulse stimuli. Thus, hyperpnea during the unsteady-state of exercise may be explained by the cardiodynamic hypothesis.
In the field of technology, the technique of frequency analysis on the inputoutput relationships of any unknown control system has been widely applied to identify the kinetics thereof. In the last decade, several physiologists have used sinusoidal forcings to explore the dynamics of cardiorespiratory responses to muscular exercise in man. WIGERTZ (1970) investigated the dynamic characteristics of heart rate and ventilation. CASABURI et al. (1977) and BAKKER et al. (1980) compared the kinetics of heart rate, ventilation, and gas exchange parameters to define the interrelationship among variables during exercise. Other investigators used impulse forcings which differ from sinusoidal work in that a scale of frequencies can be given simultaneously (BAKKER et a!.,1980; BENNETT et a!., 1981; FUJIHARA et al., 1973a, b) . In a linear system both the types of forcings would provide essentially the same results. However, in a nonlinear system such as in most of the biological control systems, discrepancies would usually appear. For example, the heart rate and ventilatory responses to sinusoidal forcings have been described by a single exponential function with a very small time delay (CASABURI et a!.,1977) , while the responses to impulse forcings have been generally represented by a second-order model in which fast and slow response components were connected in parallel (BAKKER et al., 1980; FUJIHARA et al., 1973b) . Since the first rapid component occurs before metabolites from the exercising limbs reach to known chemoreceptor sites, this has been attributed to a neural reflex, most probably due to afferent discharges from the muscle spindles. Since the second slow component occurs after a delay, which is approximately equal to the transport lag, this has been considered to be mediated by a humoral pathway (DEJOURS, 1967) . The validity of the neurohumoral hypothesis has recently been challenged by another concept proposed by Wasserman and his collaborators; i.e., cardiodynamic hypothesis. In brief: a rapid increase in cardiac output at the onset of exercise results in an increase in CO2 flow to the lungs, and the chemical stimuli linked with the CO2 flux may bring about exercise hyperpnea (WASSERMAN et al., 1974 (WASSERMAN et al., , 1979 . Since the initial fast response has not always been observed in all subjects, these investigators have argued that the "abrupt" increase at the onset of exercise can be a "learned" response and not a fundamental part of the ventilatory response to exercise (BEAVER and WASSERMAN, 1968) .
The present study was undertaken to clarify the underlying mechanism to control the cardiorespiratory responses during exercise by using sinusoidal and impulse forcings. BENNETT et al. (1981) have argued that to identify the rapid component it is necessary to excite the respiratory system with an input containing high frequency components. Impulse forcings would be a more sensitive method than sinusoidal forcings to demonstrate the fast component since it can excite the system over a higher range of frequencies which is difficult to attain by sinusoidal forcings because of the limitation of signal-to-noise ratio of measurements. From another point of view, sinusoidal forcing is superior to impulse forcing since its possible influence of the cerebral activity can be avoided. Although simultaneous analyses of cardiorespiratory dynamics to sinusoidal and impulse forcings have been made by BAKKER et al. (1980) , these authors gave their mathematical analysis no physiological interpretation. Furthermore the present work differs from the previous one in such a way that transient changes in cardiac output were directly determined by using a new instrument recently developed by MIYAMOTo et al. (1981b) .
METHODS
Cardiac output variables. Cardiac output was determined by an automated measuring system based on impedance plethysmography. A detailed description of the system and evaluation concerning its accuracy have already been published elsewhere (MIYAMOTO et a!.,1981 (MIYAMOTO et a!., 1981b (MIYAMOTO et a!., ,1982 . Transthoracic impedance was measured by a standard constant current type impedance cardiograph (Nihon Kohden, model RGA-5). An electrocardiogram (ECG) was monitored from the chest wall with bipolar electrodes. A minicomputer system (Melcom 70/25, 16 bits 24K words) sampled the first derivative (dZ/dt) and basic values (Z0) of the transthoracic impedance at a rate of 200 times/sec when triggered by the R wave of ECG. The sampling was repeated for 5 to 10 cardiac cycles and dZ/dt and Zo signals were summed up to obtain respective averaged waveforms. The subject was allowed to breathe spontaneously during the period of sampling. The respiratory drifts of the impedance signal as well as artifacts, which may be caused by body motion during exercise, could be eliminated by this treatment since these occur independently of the cardiac cycle. After the averaging procedure was completed, stroke volume (SV) was then computed according to the standard formula of KUBICEK et al. (1966) . The resistivity of blood was determined previously from the hematocrit of the subject according to the formula proposed by TANAKA et al. (1970) . Heart rate (HR) was derived from the R-R interval of ECG. HR times SV gave cardiac output (Q).
Respiratory variables. Respiratory frequency (f), tidal volume (VT), minute ventilation (VE), end-tidal pressures of oxygen and carbon dioxide (PETO 2 and PETCO 2), oxygen uptake (V02), carbon dioxide output (J'00j, and respiratory exchange ratio (R) were obtained also automatically by the second computer system breath by breath. A detailed description of this system has been published elsewhere (MIYAM0T0 et al., 1981a) . Impedance pneumogram used in the previous study (MIYAMOTO et al., 1982) was, however, replaced by a hot-wire type pneumotachograph (Minato, model RF-2) with a small dead space of 10 ml, of which output was confirmed to be linear within the physiological range of flow variation, in order to avoid the complicated calibration procedure of the impedance signal. The composition of expired air was continually analyzed by a medical mass spectrometer (Medspect, model MS-8).
Experimental procedures. Five healthy young volunteers, ranging in age from 22 to 28 yr, in weight from 55 to 65 kg and in height from 165 to 175 cm, were studied as subjects. No trained athlete was included in the subject group. Wearing the impedance and the ECG electrodes in respective positions the subjects were seated on a bicycle ergometer (Lode) and breathed room air through a pneumotachograph.
The electro-magnetic braking system of the ergometer was previously modified so that it could be controlled by externally supplied voltage to obtain the desired types of forcing. The subject pedaled at a constant rate of 60 rpm throughout the run by monitoring a tachometer fitted to the bicycle by himself. A series of sinusoidally varying loads was then applied to the ergometer flywheel as illustrated in Fig. 1 . The amplitude of the stimulus sinusoid was designed in such a way as to oscillate between 25 and 125W around the center of 75W. In order to avoid the influence of fatigue, the exercise protocol was divided into three parts. Protocol 1 consisted of sinusoids at periods of 1, 2, and 3 min and protocol 2 consisted of the remaining sinusoids of 6 and 12 min. Each protocol was preceded and followed by a constant work load of 75W to monitor the stability of measurement. In protocol 3, five to six impulse work loads were abruptly applied while the subject exercised with a constant load of 25W. Since ideal impulse stimuli, i.e., zero duration and infinite amplitude, are physically unattainable, pulses of finite duration and amplitude must be employed instead. As the maximum work amplitude available by the ergometer was limited within 250W, we chose a rather long duration of 10 sec in order to obtain a favourable signal-to-noise ratio of measurement. For a given subject protocol 1 and 2 were applied twice and protocol 3 once. Only one protocol was performed on a given day. Apart from the exercise protocols, cardiorespiratory variables in response to 25 and 125W constant load exercises, each lasting for 5 min, were measured on another occasion. Steady-state values during the exercise were then determined by taking the average of the response for the last 1 min.
Data reduction. Table 1 gives the mean values and standard error from the mean of the steady-state responses of eleven cardiorespiratory variables in the constant load exercises with 25 and 125W studied on five subjects. Since the magnitude of standard error suggested relatively uniform responses of individuals, we decided to perform further data analyses on the superimposed averaged responses of total runs. The individual variables for each subject were first stored in a disk memory together with timing signals for exercise protocol. Ten (protocol 1 and 2) to 25 (protocol 3) experiments of each type were averaged for each 5-sec interval. Figure 2 gives an illustration of the superimposed responses of eleven variables to sinusoidally varying work loads at the period of 2 and 6 min, respectively. The best-fit regression sine waves to represent the experimental data were determined by a frequency analysis, the principle of which was similar to that described by CASABURI et al. (1977) . The averaged responses of the same variables to impulse work loads were given in Fig. 3 . The principle to analyze the frequency characteristics of the impulse data was essentially the same as that reported by FUJIHARA et al. (1973a, b) . Three different mathematical models illustrated schematically in Fig. 4 were considered as transfer functions to simulate responses could not be tested because of the lack of data at a higher frequency range. The fitting of these models to experimental data was performed according to the method described by CASABURI et al. (1977) in which fitting criteria functioned to minimize the summed square distance between the experimental and predicted values calculated from a given transfer function on a Nyquist plot. The degree of fitness was evaluated by taking the variance from the experimental values. All data reductions were performed by a computer routine written in FORTRAN.
RESULTS Figure  2 shows the superimposed averaged responses of cardiorespiratory variables to sinusoidal forcings together with best-fit sine-waves to represent the Vol. 33, No. 6, 1983 Fig. 3. Cardiorespiratory responses to impulse work rate. Points are the averages of 20-25 experiments studied on 5 subjects. Vertical lines denote the duration at which stimulus is given. experimental data.
In general, the amplitude decreases and the phase lag increases with the increasing input frequency. The respiratory variables appear to lag behind the cardiac output change. HR plays a dominant role to determine the frequency responses of Q since SY does not appreciably vary with the sinusoids applied. PET0 2 and PETCO 2 also fluctuate slightly with sinusoidal forcings, P02 toward the same direction as VE changes but PO2 toward the opposite direction. The averaged wave-forms of the responses to impulse forcings are given in Fig. 3 .
The Q change lags slightly behind the HR change because of a transient fall of SY at the onset of the stimulus. The VE increases immediately after the onset of the stimulus to which an obvious increases in f is chiefly responsible. PETO2 fell and PETCO2 rose both transiently. It should be noted that the respiratory changes last for more than 3 min after the stimulus has been removed while the circulatory changes cease within 2 min.
The mean-to-peak amplitude and phase lag of best-fit sine-waves to represent the responses to sinusoidal forcings were summarized in Table 2 . The frequency responses of five variables, VE, Vo2, Vco2, HR, and Q, determined by analyzing the impulse responses are also summarized in Table 3 . For the convenience of comparisons with sinusoidal data, the impulse data were calculated for the same Japanese Journal of Physiology frequency as that applied in the sinusoidal study. Steady state values given here were also determined by a mathematical extrapolation of the impulse data assuming the system concerned to be linear. To compare the frequency characteristics of responses to sinusoidal and impulse forcings, the amplitude and phase lag of PE, V02, V002, and Q are described in the Nyquist plot (Fig. 5) . The amplitude of the response sinusoid is plotted as the distance from the origin; the phase of the response with respect to the input sinusoid is plotted as the angle from the abscissa. Fig. 4 . On the other hand, the Tables 4 and 5 . It should be pointed out that the kinetics of Vco2 and VE closely resemble each other and the former leads the latter despite the difference in the stimulus type.
Japanese Journal of Physiology Q, VE, Vo2, and Vco2 DISCUSSION The kinetics of circulatory variables. Since a number of foregoing investigators estimate the behavior of Q during the unsteady-state of exercise by monitoring HR on the basis of the assumption that both the variables would change in parallel, it may be worthwhile to compare the kinetics thereof. The HR and Q responses to sinusoidal stimuli appear similar to each other and may sufficiently be described by any of first-order models with small time delay (Table 4) . On the other hand, the Q response to impulse stimuli seems to be better described by a second-order model (Table 5 ). The similarity of the HR and Q responses to sinusoidal forcings may be concomitant with the observation that SV does not change appreciably by the input sinusoids tested (Fig. 2 and Table 1 ). This does not contradict our previous finding in that the SV increment from the steady state value in response to mild to moderate exercise was almost constant and was independent of the work load change (MIYAMOTO et al., 1982) . The discrepancy between HR and Q kinetics to impulse stimuli may be ascribed to the fact that the start of Q increase is delayed by a few sec behind the HR change as SV falls to some extent at the moment (Fig. 3) . The initial drop of SV seems discrepant from our previous observation showing an immediate increase of SV to a step work load in an upright position (MIYAMOTO et al., 1982) . The reason for the discrepancy is considered to be due to the difference between measuring procedures; the previous step work started from a resting condition while the present pulse work started from a basal exercise of 25W. Since SV increases already near the plateau level during the basal exercise as shown in Table 1 , it should fall when HR rises suddenly because of the lack of additional blood volume to fill the heart. Since the initial rise of HR is high enough to augment Q despite the SV drop, SV is observed to increase again beyond the level of basal exercise when venous return increases and HR begins to fall (Fig. 3) . A similar drop of SV was already observed by others shortly after the onset of supine exercise (LOEPPKY et a!., 1981) . Time constant for Q, averaging 23 sec, in response to sinusoidal forcings is comparable to that observed in our previous study (15-26 sec) using squarewave forcings (MIYAMOTO et al., 1982) . This value is slightly lower than the time constant for HR observed in the present study (averaging 30 sec) and also by CASABURI et al. (1977; 55 sec) and BAKKER et al. (1980; 34 sec) but comparable to LINNARSSON (1974; 11-22 sec) . The HR and Q kinetics to impulse forcings may be described by a secondorder model in which two compartments are connected in parallel, one with and the other without delay. This type of response has been observed previously by others for HR when exercise stimuli are suddenly applied while the subject is engaged in basal exercises of lower levels (FUJIHARA et a!., 1973a; WHIPP et a!., 1982) . Physiological interpretation thereof will be discussed later in connection with similar response appearing in respiratory variables.
Kinetics of respiratory and metabolic variables. As in the case of HR and Q, the kinetics of respiratory and metabolic variables to sinusoidal forcings are well described by a first-order model with a minimal time delay. Time constants, averaging 81, 61, and 38 sec, determined for PE, Vco2, and Vo2 are not much different from the corresponding values reported by CASABURI et al. (1977; 84, 72 , and 48 sec), CASABURI et al. (1980; 68, 61, and 46 sec), and BAKKER et al. (1980; 71, 64 , and 45 sec), all using similar sinusoidal forcings. WIGERTZ (1970) reported a time constant of 70 sec for VE. The investigators using square-wave forcings including our previous study (MIYAM0T0 et al., 1982 ) also reported comparable time constants or half-response times (CERRETELLI et al., 1966; HAGBERG et al., 1980; LINNARSSON, 1974; PEARCE and MILHORN, 1977) . The kinetics of respiratory variables to impulse stimuli may be better described by a second-order model which is quite similar in nature to that for circulatory kinetics. The first component which takes place immediately after the onset of stimulus has a similar time constant of half a minute or so among variables. The second slow component initiating 20-30 sec later has a time constant of 19 sec for HR and Q, 54 sec for PE, 46 sec for J"2, and 30 sec for Vol. Since the first component accounts for a relatively small portion of the total response, the over-all dynamics is mainly determined by the second component kinetics. A qualitatively similar dynamics has been observed in inspiratory ventilation volume (Vi) at transitions from a 25W basal exercise to a 100W impulse (BENNETT et al., 1981) . WHIPP et al. (1982) also observed similar responses in V02, and VE when a 10OW step work was given from loadless pedaling.
The separate kinetics of respiratory variables appearing in response to a suddenly applied stimulus seems to favour the classical concept to explain exercise hyperpnea, i.e., the neurohumoral hypothesis of DEJOURS (1967) . However, it should be pointed out that Q (or HR) kinetics can be represented by the same second-order model. WASSERMAN et al. (1974 WASSERMAN et al. ( , 1979 set forth another mechanism to explain the immediate increase in ventilation at the onset of exercise, i.e., the cardiodynamic hypothesis. If this concept can explain any changes in ventilation during exercise, there should be close correlation between VE and Vco2 not only at the steady-state but also at the transition between different levels of exercise.
The correlation between carbondioxide output and ventilation. In Fig. 6 , the relationship between the mean-to-peak amplitudes of VE and Vco2 responses to sinusoidal forcings are given on the basis of integrated data of ours and two other investigator groups', i.e., CASABURI et al. (1977) and BAKKER et al. (1980) . Despite the differences among subjects and techniques, the correlation coefficient between both the variables was excellent (r=0.994). Under the same condition, VE correlated to a less extent to Vo 2 and PETco 2 with the correlation coefficients of 0.951 and 0.688, respectively. Correlations between the mean-to-peak amplitudes of response sinusoids to impulse stimuli were also examined using the data given in Table 3 and the mean values for the same parameters given in Table  5 of BAKKER et al. (1980) . Correlation coefficients were determined to be: VE . vs. Vco2=0.985, VE vs. Vo2-0.931, and VE vs. PETCO2-0.807. It appears likely that VE links closely with VCo2 not only under the quasi-steady state condition represented by sinusoidal forcings but also under the unsteady-state represented by impulse forcings. A conclusion is thus drawn that hyperpnea during the unsteady-state of exercise as well as the steady-state may be explained by the cardiodynamic hypothesis. However, this does not rule out the possibility that VE and Q may be driven in parallel by some other stimuli from the same origin, at least during the early period of the exercise onset.
This work has been supported in part by the Grant-in-Aid for Scientific Research from the Ministry of Education, Science and Culture of Japan (No. 57123109). Fig. 6 . Relationship between the mean-to-peak amplitude of VE and VCO2 responses to sinusoidal forcing. The data are based on the averaged parameters from Table 2 of CASABURI et al. (1977) , Table 4 of BAKKER et al. (1980) , and Table 2 of the present study.
